Forty-nine Tn3 and Tn5 transposition insertion mutations were introduced into the virulence region of the pTiA6NC plasmid of Agrobacterium tumefaciens. Five TnS transposition mutations from an earlier study (D. Garfinkel and E. Nester, J. Bacteriol. 144:732-743, 1980) were also mapped more accurately. These mutations defined five separate loci within the virulence region. Two Tn3 insertions into one of these loci, virA, result in a strain which is only weakly virulent; however, a Tn5 insertion into this locus eliminiates virulence. One TnS insertion into another locus, virC, results in a strain which is weakly virulent. Two additional Tn5 insertions into this locus eliminate virulence. Insertions into the remaining three loci eliminate virulence entirely.
Agrobacterium tumefaciens is the causative agent of crown gall disease, a neoplastic transformation of dicotyledonous plants. Oncogenic strains of A. tumefaciens contain large plasmids which are essential for tumorigenicity (28, 29, 31) . A portion of the tumor-inducing (Ti) plasmid, the T-DNA, is transferred to the plant where it is stably maintained (3, 27) and transcribed in tumors (7, 11) .
Three regions of octopine-type Ti plasmids have been identifed by transposon mutagenesis as having a role in the formation and maintenance of the tumorous state (5, 9, 21) (Fig. 1) . One of these, the T-DNA, contains three distinct loci which affect tumor morphology (10) . Although the T-DNA is the only portion of the Ti plasmid stably maintained in tumors, it appears that none of the genes responsible for those steps leading up to and including T-DNA integration are located within this region (17) . A second region of approximately 35 kilobase pairs (kbp), the virulence region, lies outside of the T-DNA. Transposon insertions in this region, in contrast to the T-DNA, usually eliminate virulence completely. Most of the avirulent mutations in this region can be complemented in trans, suggesting that these genes function in the bacterium (13, 15) . At least one locus in the middle of this region cannot be complemented, however, suggesting that a portion of this region is a cis-acting function or a gene which is active in the plant cell.
A small number of virulence mutations also t Present address: Carleton University, Ottawa, Ontario KIS 5B6, Canada. map in or near the loci for incompatibility and replication (20 (24) showing regions included in the cosmid clones pHK121, pHK122, and pHK210 as well as the T-DNA, virulence region (5, 9, 21) , and replication region (20 (5, 15a) , using the restriction sites introduced by Tn3 (12) or TnS (14) . The five TnS insertions from the Garfinkel and Nester study (9) were mapped in the same way, except that purified Ti plasmid was cut with one of several restriction endonucleases to determine the site of insertion. Restriction endonucleases were used according to the supplier's (Bethesda Research Laboratories) recommendations. Vertical agarose gel electrophoresis was carried out as described previously (9 (25) . DNA on the filter was hybridized (27) (Table 2) as previously described (9) .
RESULTS
Experimental approach. The genes responsible for virulence in pTiA6NC cover approximately 35 kbp of DNA (9) . To simplify the process of isolating many mutations over such a large area, we developed a procedure for selection of transposon insertions into wide host range cosmid clones of pTiA6NC DNA (29a). This procedure is based on in vivo packaging of cosmids by bacteriophage X, transducing the packaged cosmids to a new host, and selecting the drug resistance coded for by the transposon used for mutagenesis. This procedure allowed us to isolate several hundred independent Tn3 and TnS insertions into pTiA6NC cosmid clones covering 45 kbp.
The virulence region of pTiA6NC which has been implicated in tumor formation is covered by two cosmids, pHK121 and pHK210 (Fig. 1) . The construction of these cosmids in the wide host range vector, pHK17, has been described previously (15) . Since these cosmids already contain a kanamycin resistance locus, they are not suitable for TnS mutagenesis. Therefore, a second pTiA6NC clone bank was constructed by cloning into the HindIII site of pHK17, thus inactivating the kanamycin resistance locus in the vector. One plasmid from this bank, pHK122, was used to introduce TnS mutations into pTiA6NC. The positions of transposon insertions into cosmid clones were mapped from their restriction endonuclease cleavage patterns. Mutated cosmids were then transformed into A. tumefaciens strain A136 containing pTiA6NC. The marker rescue event was selected for as described by Garfinkel et al. (10) . Total DNA from potential recombinants was cleaved with an appropriate restriction endonuclease, and the products were separated by agarose gel electrophoresis. The fractionated DNAs were transferred to nitrocellulose (25) Even after screening over 300 transposon insertions into cosmid clones of the virulence region, there were small areas where no transposon insertions had occurred, presumably due to the site specificity of Tn3 and TnS. For this reason, we more accurately localized several previously described (9) avirulent TnS insertions which appeared to map near gaps in the transposon insertion map. The sites of TnS insertions could be accurately determined based on currently available restriction endonuclease maps for the virulence region (5, 15a) .
Functional organization of virulence loci. The mutagenesis of cloned pTiA6NC DNA in E. coli, followed by homologous recombination in A. tumefaciens, has allowed us to distinguish several distinct loci on the Ti plasmid necessary for virulence. The results of transposon mutagenesis in the virulence region are summarized in Fig. 2 Table 2 . +, Virulent; -, avirulent.
lence region to the T-DNA is not necessary for tumor induction. This includes a very large contiguous region, approximately 20 kpb, extending from EcoRI fragment 17 to the T-DNA. The areas which do affect tumor induction occur at five different loci. We have named these five loci virA, virB, virC, virD, and virE (Fig. 2) . Tn3 insertions in the virA locus result in weakly virulent strains (A2033 and A2034) which are avirulent on Kalanchoe leaves and induce small tumors on stems that proliferate roots (Fig. 3) . These mutants also produce fewer and smaller tumors on carrots and are avirulent on tobacco stems. One TnS insertion into this locus resulted in a complete loss of virulence on all plants tested. The weak virulence which resulted from Tn3 insertion may thus be due to partial inactivation of the gene because of insertion near one end of the gene or possibly low-level transcription originating within Tn3. Garfinkel and Nester (9) reported morphology mutations which mapped within the vir region after TnS mutagenesis. We have localized one of these, A1034, between two other TnS insertions, A1021 and A2028, both of which are totally avirulent. Although A1034 was reported to produce unorganized callus with roots proliferating from the callus overgrowth on Kalanchoe leaves and stems, we have subsequently found this mutation avirulent on leaves but virulent on stems, similar to the Tn3 mutations in the virA locus. The phenomenon responsible for the weakened virulence on A2033 and A2034 may be the same as for A1034. All insertions in virB, virD, and virE resulted in a complete loss of virulence upon insertional inactivation with either Tn3 and TnS.
From these studies, five is the minimum number of virulence loci. Due to site specificity of transposon insertion mutagenesis and the size of the virulence region, we cannot be certain that all of the loci have been identified. Deletion mutagenesis should clarify this point, and these experiments are in progress.
DISCUSSION
Two regions of the Ti plasmid contain most of the genes involved in crown gall tumor formation. Although one of these, the T-DNA, is very well characterized, the other remains largely undefined. (15) . Complementation experiments currently in progress involving mutated cosmid clones of this region should be able to define whether this represents one or several operons.
Mutations in the virA locus do not completely eliminate virulence on all plants tested. Morphologies ranged from avirulent on Kalanchoe leaves to a wild-type response on Nicotiana glauca. Since a Tn5 insertion in this locus eliminated virulence, it seemed likely that the weakened virulence of the Tn3 insertions in A2033 and A2034 were due to a low level of expression from this locus, either from a promoter inside Tn3 or because the site of insertion was near one or the other end of the locus.
It appears that none of the T-DNA coded functions are necessary for any of the steps in tumorigenesis leading up to T-DNA integration since T-DNA transfer has been reported in tissues which are unable to induce tumorous growth (16) . This seems to indicate that all of the genes which code for functions responsible for bacteria-plant binding, plasmid transfer, and T-DNA integration must be located outside of the T-DNA. This work defines a minimum of five loci which must be important in these early events of tumorigenesis. The definition of the boundaries of these loci now allows us to clone these loci for the purposes of a-detailed complementation analysis and identifying gene products.
The virulence region is one of four regions of conserved DNA sequences shared by pTiA6NC, an octopine-type Ti plasmid, and pTiC58, a nopaline-type Ti plasmid. Engler et al. (8) have provided a detailed map of the virulence region homologies, and it is interesting that four of the five loci mapped by this work are located in regions of homology. Only the virC locus does not show homology to nopaline plasmids. Insertions that do not affect virulence map almost exclusively in regions of nonhomology. The correlation of the homologous sequences and the location of the virulence loci strongly suggest that critical genes for tumorigenesis are conserved on the Ti plasmids. This is consistent with the evidence that the Ti plasmids of the broad host range (pTiA6 and pTiC58) and limited host range types, and the root-inducing (Ri) plasmid of Agrobacterium rhizogenes, have evolved from a common ancestral plasmid (6, 26, 30) . All of the plasmids share homology to the virulence region, and it is reasonable to suppose that the genes necessary for tumorigenesis are conserved on these plasmids. More recently, some plasmids of Rhizobium spp. have been shown to have homology to this region (22) . Further study of the loci in the region of pTiA6 will not only advance our knowledge of crown gall tumorigenesis, but undoubtedly will provide insight to a range of related bacteriaplant associations.
